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2. Addressing the Sustainable Development Goals.
101
The broad Sustainable Development Goals (Table 1 ) are intended to be a guideline for all 102 governments. Some Goals are mainly socio-economic in character (e.g. Goals 1,4,5,8,9,10,11, 16, 17) 103 while others focus clearly on the biophysical system, in which soils play a clear role (e.g. Goals
104
2,3,6,7,12,13,14,15). Although it is tempting to make the distinction between a focus on socio-105 economics and on the biophysical system, these two realms together define human existence and 106 mutually depend on each other. For achieving goals with a socio-economic focus we need to consider 107 the associated dynamic behaviour of ecosystems while for achieving goals with an ecosystem focus,
108
we need to consider socio-economic aspects. Environmental sustainability will depend on the actions
109
of land users such as, for example, farmers and forest managers, but also urban developments have 
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for the soil science community to show that soil science can make significant contributions to several 115 of the SDGs. Although this notion is clearly growing, we feel that a well-focused action is needed to 116 urge fellow (soil) scientists, members of the policy arena and stakeholders and citizens at large, to act 117 according to this notion. Actions needed are different for each of these groups; in this FORUM paper 118 we will focus on the implications for actions by the soil science community. Important educational 119 efforts for stakeholders and the public at large, with particular attention for primary education of 120 children, have been addressed elsewhere (Bouma et al., 2012) .
121
It is important to recognize that for most SDGs, there is no direct link with soils. Rather, soils 122 contribute to general ecosystem services, defined as "services to society that ecosystems provide" 
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these assessments by IPBES will be the main scientific reference for future policy development on 143 terrestrial ecosystems at global, regional and national scale.
144
Overall, we should acknowledge that services are provided by nature, and that human efforts should 145 be governed by the realisation that every ecosystem has its own, characteristic dynamics and 146 thresholds. Sustainable development can only be achieved when taking into account processes,
147
feedbacks and thresholds in the eco-system.
148
In summary, the aim of this FORUM Paper, is therefore to discuss how soils can contribute to the 149 realization of the SDGs. We urge soil scientists to pursue a central role in the system analysis 150 approach that is needed to confront the societal challenges of our time. For this we argue why soil 151 scientists need to reach out to other scientific disciplines, and to stakeholders outside of science.
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Awareness raising on all levels in society will play a key role in this. Six short essays, written by invited 153 experts expressing their personal impressions, feature prominently in this FORUM paper, and serve 154 to introduce the discussion, covering key issues for soil science that are also part of several of the 155 SDGs: food, health, water, climate and land management. This paper also serves as an introductory 156 FORUM paper to this Special Issue on "Soil Science in a Changing World", which contains selected 6 change impacts on some of these regions (Thornton et al., 2014) . Third, the extent of soil degradation, which is estimated at 25% of the arable land in the world (Vlek et al., 2008) . And finally, the fact that some of these regions are hosting valuable biodiversity and/or delivering ecosystem services of global or regional importance, (Hooper et al., 2005) which often leads to competing claims between local and international communities. It has been repeatedly shown that the technologies of industrial agriculture as practiced in developed regions are ineffective at sustaining soil productivity in the context of smallholder family agriculture (Tittonell and Giller, 2013) . Restoring soil productivity and ecosystem functions in these contexts requires new ways of managing soil fertility. These include: (i) innovative forms of 'precision' agriculture that consider the diversity, heterogeneity and dynamics of smallholder farming systems; precision agriculture implies more than just using GPS;, it is also about targeting resources in space and time to increase efficiency, build resilience and reduce negative impacts; local knowledge can be used as the basis for precision agriculture in developing countries.
(ii) a systems approach to nutrient acquisition and management; agronomy has traditionally addressed the problem of crop nutrition by thinking and acting at the scale of individual fields, and often looking at single resource groups; yet nutrient management cannot be decoupled from management of other farm resources and processes such as recycling are crucial to overall systems efficiency.
(iii) agro ecological strategies for the restoration of degraded soils and the maintenance of soil physical properties; rural population growth in tropical regions of developing countries is leading to accelerated soil degradation, as more land previously under forest or grazing use is brought into annual cultivation; less land available per household prevents soil maintenance practices such as fallow or pasture rotations, leading to greater frequency of soil ploughing and less organic matter inputs; strategies are needed to restore degraded soils and halt current degradation processes in precious land to produce food; but this also requires new institutional arrangement around land tenure and collective resource management. This may involve a largescale approach, involving multi-stakeholder partnerships built on new business models and sustainable business cases with multiple returns from sustainable land management and landscape restoration. (Ferwerda, 2015) . (iv) to capitalize on the recent and growing understanding on the soil food web to increase nutrient and water use efficiency; the association between nutrient capture and retention in soils and trophic network topologies points to promising avenues towards the design of more efficient and resilience cropping systems; management systems that rely on greater diversity such as agroforestry and intercropping lead to greater diversity of soil organisms and a range of hypothesis on how this can contribute to improve agricultural sustainability are being put forward.
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Essay 2. Health (SDG 3): Soil and public health: a vital nexus.
Throughout the history of civilization, relationships between soils and human health have inspired spiritual movements, philosophical systems, cultural exchanges, and interdisciplinary interactions, and provided medicinal substances of paramount impact. Modern public health in its efforts on preventing disease, prolonging life and putting health through organized activities and informed choices of society faces the need of understanding and managing interactions between soils and health. Given the climate, resource, and population pressures, such understanding becomes an imperative. Soils sustain life. They affect human health via quantity, quality, and safety of available food and water, as a source of essential medicines, and via direct exposure of individuals to soils.
We are witnessing a paradigm shift from recognizing and yet disregarding the 'soil-health' nexus complexity to parameterizing this complexity and identifying reliable controls. This becomes possible with the advent of modern research tools as a source of 'big data' on multivariate nonlinear soil systems and the multiplicity of health metrics. These advances, in particular, have enabled the demonstration of the dependence of human pathogen suppression in soils and plants on the soil microbial community structure which, in turn, is directly affected by the soil-plant system management (Vivant et al., 2013; Gu et al., 2013) .Soil eutrophication appears to create favourable conditions for pathogen survival (Franz et al.,2008) . The soil microbial community structure also strongly affects soil structure (Young and Crawford, 2004) . This, in particular, affects functioning of soils as a powerful water filter and the capacity of this filter with respect to contaminants in both 'green' and 'blue' waters. Also, soils remain an indispensable source of new powerful antibiotics able to counter the antibiotic resistance dilemma (Ling et al., 2015) and potent medicines to treat such tough-to-treat Diseases as tuberculosis and cancer (Hartkoorn et al., 2012 , Liu et al, 2002 Some links between soil and human health tie exposure to soils to immune maturation and, in particular, asthma prevention (von Hertzen and Haahtela, 2006; Rook, 2013) and to mental well-being (Lowry et al., 2007) . To evaluate effects of soil services to public health, upscaling procedures are needed for relating the fine-scale mechanistic knowledge to available coarse-scale information on soil properties and management as health factors. In this context, remarkable advances of medical geology resulted in identification of regions where soils contain components harmful for human health (Selinus, 2013) .These results have to be downscaled to evaluate local risks. More needs to be learned about health effects of soils in organic agriculture that are often used for soil quality comparison and benchmarking. The influence of soil degradation and rehabilitation on public health has to be assessed in quantitative terms (Zubkova et al., 2013) . Current definitions of healthy soil broadly include aspects that are conducive for human health, and functional evaluation of soil quality with a focus on public health will have useful applications in public policies and perception. The data on soil-health relationships are scarce and very much disjointed, and a concerted international effort appears to be needed to encompass various economic and geographical settings (Brevik and Burgess, 2012) The 'soil-health' connection is complex in character, global in manifestation, and applicable to every human being.
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Essay 3: Water Security / Resources (SDGs 3,6): Soil water and sustainable development goals Protecting and enhancing the ability of the earth's soils to provide clean water in sufficient quantities for humanity, ecosystems and agriculture will be a key element in delivering the United Nations Sustainable Development Goals. Soils cover almost all of the ice free terrestrial land surface, making them key for storing and transmitting water to plants, the atmosphere, groundwater, lakes and rivers. It is estimated that 74% of all freshwater appropriated by humans comes from the soil (Hoekstra and Mekonnen; 2012). Not only is it important that soils store and supply water, they also filter it too. Soils are bioreactors. They contain charged surfaces at which exchange reactions can occur; bacteria, fungi and soil animals that process nutrients and contaminants; and act as a media to support plant growth that cycles nutrients and water through the ecosystem. The UN SDG 6 challenges the world to ensure availability and sustainable management of water and sanitation for all. This will not be achieved without protecting and enhancing the ability of the soil to deliver clean fresh water. Safe affordable drinking water (SDG6.1) will rely on water sources that are reliable and un-contaminated. For 2010 it was estimated that as much as 60% (Baum et al., 2013) of the world's population is not connected to municipal sewage treatment systems suggesting that the remaining 40% of waste water receives no treatment. SDG 6.3 targets halving the proportion of untreated wastewater by 2030. In rural areas this will likely take the form of installing variants of septic systems, which rely on the soil for decontaminating wastewater. It is are also likely that soils will be required to recycle a larger proportion of solid wastes and wastewater (SDG 6.3) from cities and it will be important to understand the capacity of soils to process these inputs and their capacity for assimilating these materials.
The provision of water for crops is of global significance and making the use of this water more efficient (SDG 6.4) is a major challenge. Agriculture amounts to 92% of the globe's freshwater use, far ahead of industrial and domestic usage (Hoekstra and Mekonnen; 2012). Of the 6685 km3/y of water calculated to be used by crops (Siebert and Döll, 2010) , it is estimated that 800 to 1100 km3/y is supplied for irrigation from rivers, lakes, reservoirs and groundwater (Döll et al., 2013), as we strive to deliver food security (SDG 2) the volume of water required from these sources is likely to increase. By protecting and enhancing the soil's ability to store and supply water to plants through better soil management there is the potential to make better use of rainwater. Adding just 10 mm per year to plant available soil water across the 306 Mha of irrigated land (Siebert et al., 2015) would provide an additional 30 km3/y of water that could potentially be used by crops and reduce irrigation water requirement.
Soil is the conduit for the vast majority of diffuse pollutants. Nutrients from agricultural sources are responsible for the pollution of lakes, rivers and seas; in many cases bringing about significant degradation of their ecosystems and damaging them as economic and social resources for the people who rely on them for their wellbeing. Restoration of these ecosystems will require restorative actions in the wider catchment, including better soil management to reduce diffuse pollution (Deasy et al., 2009). However, although soils are excellent buffers against diffuse pollution, they are also slow to change. Therefore, if water related ecosystems are to be restored by 2030 in line with SDG 6.6 significant actions will need to occur urgently. Managing soils for a better water environment cannot occur without the support and efforts of local communities, many of who fully understand the inexorable link between soils and water, their efforts need to be supported and strengthened (SDG 6.8).
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Essay 4: Climate Change (SDG 13): Impact of climate change on soils and opportunities for mitigation.
Predicting the response of soils to climate change is extremely important as the top metre of soils globally contain 3 times as much carbon as the atmosphere (Smith, 2004) . Small changes in soil carbon stocks can therefore have important impacts on climate -if soil carbon is lost, it could provide a positive feedback to climate warming (Cox et al., 2000) . On the other hand, if soils can be managed to store more carbon, they can help to reduce the amount of carbon in the atmosphere, and thereby mitigate climate change (Lal, 2004) . This is the aim of the recent proposal at the COP 21 of UNFCCC by the French Government for a global initiative (http://agriculture.gouv.fr/sites/minagri/files/4pour1000-gb_nov2015.pdf) for achieving a "4‰" annual growth rate of the soil carbon stock that would make it possible to stop the present increase in atmospheric CO 2 . Climate change has complex impacts on soils. Increasing temperatures will tend to increase decomposition, but this will be limited where soils become very dry -so changes in temperature and precipitation can have additive effects, or may work in opposite directions. In addition, increasing temperatures can also increase plant production, thereby increasing carbon inputs to the soil. This may also decrease the direct impact of climate change on soils and may increase soil carbon (Smith, 2012) . Changes in precipitation patterns and amounts will also influence soil organic carbon stocks through their effect on dissolved organic matter production and mobility (e.g. Jansen et al., 2014). This not only affects the soil carbon stock itself, but also couples it to the carbon cycle in aquatic systems (Jansen et al., 2014). While climate change clearly affects soil organic carbon stocks, the magnitude of the effect depends on the intricate interplay of local external factors, such as climate, and the ecosystem specific composition of the organic matter itself that steers its interactions with the inorganic soil phase (Schmidt et al. 2011 ). As a result not only do soil organic carbon stocks vary vastly between ecosystems, but so does their predicted response to climate change (e.g. Tonneijck et al., 2010).
Nevertheless, while modelling studies (Gottschalk et al., 2012) confirm there is considerable regional variation, with some regions gaining in carbon and some regions losing carbon, globally, climate change is projected to increase soil carbon stocks on mineral soils (i.e. non-peaty soils). On the other hand, peatlands, which contain enormous stocks of carbon (similar to the quantity of all carbon in the atmosphere), may be more susceptible to climate change. When these soils heat up, or if they become drier, vast quantities of carbon could be lost. Similarly, permafrost soils may lose carbon when they thaw (Joosten et al., 2015) .
Given the complex interactions between temperature and moisture, between increased productivity and increased decomposition, and variations between regions and different types of soil, predicting the composite effects of climate change on soils is extremely difficult (Smith et al., 2008a) . As well as soils being affected by climate change, improvements in soil management can be used to reduce greenhouse gas emissions or increase soil carbon stocks (Lal, 2004; Smith, 2012) . Soil management can therefore be used as a climate mitigation option (e.g. Tonneijck et al. 2010 ). This is important for climate mitigation, and also to meet UN Sustainable Development Goals (SDG), since SDG 13 is to "Take urgent action to combat climate change and its impacts".
Results from a recent global analysis of greenhouse gas mitigation options in agriculture (Smith et al., 2008b) show that there is significant potential for soils to mitigate GHG emissions, but that the realisation of this potential will depend on the price of carbon. The maximum technical mitigation potential from soil carbon sequestration is around 1 Gt (thousand million tonnes) of carbon per year, but the economic potential at carbon prices between 20 and 100 US$ per tonne of CO 2 -equvalents is 0.4-0.7 Gt carbon per year (Smith et al., 2008b; Smith, 2012) . This means that soil carbon sequestration could be an important part of future climate mitigation portfolios. reverse land degradation, and halt biodiversity loss'. SDG 15 recognizes that soil micro-organisms and invertebrates are key to ecosystem services, but highlights that their contributions are poorly known and acknowledged. A large fraction of the Earths' biodiversity can be found underground. One square meter of land may easily contain some 5,000-10,000 'species' of viruses, bacteria, fungi, protozoa, nematodes, Enchytraeids, Collembola, mites, earthworms, insects, and some vertebrates. There is mounting evidence that this soil biodiversity contributes to biogeochemical cycles, aboveground biodiversity, soil formation, the control of plant, animal, and human pests and diseases, and climate regulation. Soil biodiversity also contributes to ecological-evolutionary dynamics in ecosystems, which is important for mitigation and adaptation to humaninduced global changes in climate, land use, and species gain and loss (Bardgett and van der Putten 2014). Although much is still to be learned about the distribution of soil biodiversity across the globe, it is becoming evident that it is negatively affected by many human activities, including land use change and management intensification. The first global assessment of soil biodiversity has been completed by the Global Soil Biodiversity Initiative (GSBI) and will be presented as the Global Atlas of Soil Biodiversity, due to be released early 2016 (https://globalsoilbiodiversity.org/?q=node/271). Studies at a continental scale have shown that land use intensification universally reduces the species diversity, especially of the larger sized soil organisms (Tsiafouli et al., 2015) , which may negatively impact multiple ecosystem functions and services (Wagg et al., 2014) , and their resistance and resilience to extreme drought, leading to enhanced carbon and nitrogen loss to the drainage and ground water during subsequent rainfall events (de Vries et al., 2012) . Land use intensification, therefore, may result in loss of ecosystem stability with negative consequences for the Earths' atmospheric composition and water quality. Loss of soil biodiversity might also result in decreased control of plant, animal, and human diseases (Wall et al. 2015) , modify vegetation dynamics, and impact soil physical properties, with consequences for ecosystem services related to soil formation and water regulation (Six et al., 2002) . There is evidence that soil biodiversity is also susceptible to invasions and extinctions, nitrogen enrichment (Treseder 2008 ) soil sealing (Gardi et al., 2013), and climate change (Blankinship et al., 2011) . Also, predicted increases in soil erosion and climateinduced shifts in land use, pose a considerable threat to soil biodiversity; however, in all these cases, the full magnitude still needs to be established. Moreover, there are several complications in doing so, including our limited knowledge on what biodiversity is actually present in soils, and its enormous variation in spatial distribution from micro to macroscale (Ettema and Wardle 2002). Many factors have been identified as determinants of soil biodiversity patterns, including pH, soil structure, soil organic matter, and plant diversity and composition, but the relative contributions of each of these factors is still largely unknown. Measures that may promote soil biodiversity include reduced soil tillage, increasing soil organic matter, erosion control, prevention of soil sealing and surface mining activities, and prevention of extreme soil perturbation.
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Essay 6: Land Management (SDG 2, 13, 15): The challenge to implement effective soil conservation.
Sustainable development goal 15 focusses on sustainable use of terrestrial ecosystems, combat desertification and halt and reverse land degradation. Many ecosystem services and soil functions (Table 1 ) are connected to this SDG. To reach the desired sustainable situation, good land management plays an essential role. To illustrate the way ahead for in land management, the fragile ecosystems of the Mediterranean are taken as an illustration. When looking back in time, the Mediterranean landscape was managed in a sustainable way for millennia. This changed the landscape (e.g. terraces) and ecosystems (e.g. extensive irrigation systems) to a man-made system (Boogaard, 2005 , Stanchi et al., 2012 . However, over the last 30 years the land management strategies changed due to altered socio-economic conditions. These changes transferred this sustainable system to be pushed towards, and sometimes over, certain thresholds that caused the system to collapse (Lesschen et al., 2008 , Arnaes et al., 2011 . To illustrate, we can observe since the 1960's, two contradictory trajectories in the management of soil developments. On the one hand part of the traditionally fully agronomy oriented society has been altered resulting in abandoned ghost towns and whole regions that lost most of the population and were abandoned (Lansata et al., 2005). Former fields and terraces are now overgrown and shrubs and sometimes a full forest have developed. This compromised many of the ecosystem services as listed in table 1 and in addition causes a threat to society due to an increase in the risk of wild fires resulting from the abundant fuel in the new forests. To reach a sustainable situation as described in SDG 15, there is an urgent need to reduce the large wildfires by re-introducing extensive forms of agriculture and grazing in the Mediterranean mountains, thereby reducing the risk of fires and the environmental problems they trigger: soil erosion, water pollution and changes in landscapes and soil properties (Cerdà and Lansata, 2005). The other trend that can be observed in many countries around the Mediterranean is agricultural intensification. Small scale, sustainable orchards are removed to make room for large scale orchards that are under drip irrigation that contains all nutrients for the plants, making the soil no longer a needed resource for the land owner (Cerdà et al., 2009). Intensification of industrialized agriculture may lead to excessive application of agrochemical leading to pollution of ground-and surface waters and to erosion when lower organic matter contents result in a quality decrease of soil structure. This kind of agriculture may be economically attractive, while the traditional farming systems are no longer economically viable, the sustainability of these new systems is bringing us further away from reaching the objectives of SDG 15. In addition, farmers cling to habits such as keeping their soil 'clean', without weeds; erosion prevention measures such as mulching and cover crops are seen as sloppy management, even though these kind of practices are known to aggravate soil erosion (eg. Keesstra et al. Soil management in the Mediterranean type ecosystems needs a new generation of managers, farmers, policymakers, and also scientists that will understand the importance of the soil system. For this, education programs are needed, starting at the primary school level. Educating the people to acknowledge the importance of soil for soil functions and in the end ecosystem services important for all, may lead to the promotion of organic farming, mulching and minimum or zero tillage. But also the opinion of the consumers, the public can have a strong impact. The public should be aware of the possibility of chose products of higher quality while environmental pollution with agrochemicals is strongly reduced. 
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The six short essays above illustrate the role that soils play when studying major environmental 176 issues, many of which related to SDGs, as indicated (Table 1 and 
219
Such integrated studies are still relatively rare, thus presenting a new research "niche". An example is 220 a comprehensive, integrative study of innovative dairy systems in the Netherlands using Life Cycle
221
Assessment to characterize the entire production chain, including an economic and energy analysis. 
248
So rather than jumping right away into agronomic, hydrological, climatological and ecological studies,
249
or even into a comprehensive systems analysis, signal the current land-use drivers, the pressures 250 they generate and the impact they have. Doing so, it pays to involve stakeholders and policy makers 251 at an early moment in a "joint-learning" mode; also referred to as co-production of knowledge. This 
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That the quality of ground-and surface water is, to a large extent, governed by percolation through 
298
Creating awareness with colleague scientists presents an intriguing dimension to this discussion. The 299 need for interdisciplinarity has been discussed above. But how can interdisciplinarirty be realized?
300
Scientists of a given discipline are only accepted as partners in interdisciplinary projects if they can 301 deliver input that is considered to be of substantial added value by the other partners. Many 
315
The example of the UNFCCC, producing "lighthouses" for successful programs, is inspiring in this 
332
The first level of constraint is a social. As we learn from essay 6, a good farmer in Spain is considered 
369
friendly practices may pay off even in the short run, and this will also be convincing for tenants. The
370
simple and obvious statement that: " land" has a price, while "soil" has not, has major implications 371 when debating soil contributions to sustainable development because items that cannot be 372 expressed in monetary terms tend to lose attention when, as so often, financial aspects dominate 373 the debate.
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The third and last level of constraint is the policy barriers. Politicians in democratic systems in the 375 information age tend to be risk-averse and focused on activities that can generate favourable media 376 exposure to their voters in the short term (Bouma and Montanarella, this issue). They are constantly
377
approached by lobbyists and choosing potential "winners" appears to become ever more important.
378
So far, soil issues do not play a significant role in such strategic deliberations. Major policy changes all 379 too often result from disasters and a major problem for soil science is the fact that soil degradation is 
397
In conclusion, political barriers are severe but they can be overcome by developing convincing 
411
But within soil science itself, work remains to be done. An example is the comparability of methods
412
and data. Measured data are usually assumed to represent the truth and are used for calibrating 413 models and executing scenario analysis for decision making. However, the value of data is 414 determined by the experimental set up, the sampling scheme and the measurement technique itself.
415
Too often data are used without considering these constraints. 
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